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Characterization of the Functional Border Zone Around Regionally
Ischemic Myocardium Using Circumferential Flow-Function Maps
ANDREW J. BUDA, MD, FACC, RAINER J. ZOTZ, MD, KIM P. GALLAGHER, PHD
Ann Arbor, Michigan
Previous studies have suggested that there exists a func-
tional border zone in myocardium at the lateral margins
of an ischemic area. The functional border zone is nor-
mally perfused but is characterized by abnormal con-
tractile function. To define the spatial characteristics of
this border zone, circumferential maps of left ventricular
function by two-dimensional echocardiography and of
coronary flow using radioactive microspheres were gen-
erated in 18 dogs at baseline and after circumflex coro-
nary occlusion. Circumferential left ventricular wall
thickening was measured in all dogs at 22.5° intervals
over 360°. In seven dogs, the pathologicslicecorrespond-
ing to the two-dimensionalechocardiographic image was
circumferentially dissected into 16segments correspond-
ing to 22.5° intervals and a subendocardial myocardial
blood flow map was derived. In the other 11 dogs, au-
toradiography was performed of the pathologicslicecor-
responding to the two-dimensional echocardiographic
The development of two-dimensional echocardiography has
allowed comprehensive mapping of the spatial relations of
contraction abnormalities in animal models and in humans.
Although initial studies (I) suggested a good correspon-
dence between functional abnormalities and infarct size,
subsequent studies (2-6) consistently demonstrated that the
extent of functional abnormalities detected by two-dimen-
sional echocardiography grossly overestimated infarct size.
Because the perfusion boundary between ischemic and non-
ischemic myocardium is quite abrupt (7), the two-dimen-
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image, and the hypoperfusion zone was directly
measured.
There was no difference between the circumferential
extent of hypoperfusion zones by either perfusion mea-
surement technique in the five dogs that had both tech-
niques performed (140 ± 12 versus 124 ± 7°, P = NS).
The hypofunctional zone by two-dimensionalechocardi-
ography was significantlylarger than the hypoperfusion
zone (174 ± 4 versus 125 ± 26°, p < 0.0005), illdicating
that a zone of normally perfused but abnormally con-
tracting muscle surrounds the ischemic area. However,
this border zone in our model was small, measuring
49 ± 34° (approximately 8 to 9 mm on either lateral
border). This suggests that the functional border zone
lateral to ischemic myocardium exists, but is relatively
discrete.
(J Am Coli CardioI1986;8:1S0-8)
sional echocardiographic observations suggest that a func-
tional border zone where perfusion is normal, but function
appears depressed, may exist surrounding an ischemic area.
To test the hypothesis that such a zone exists and to deter-
mine its magnitude, we examined left ventricular circum-
ferential flow-function relations using radioactive micro-
spheres and two-dimensional echocardiography in an animal
model of acute coronary occlusion.
Methods
Animal preparation. Mongrel dogs of either sex were
anesthetized with sodium pentobarbital, 30 mg/kg body
weight, and ventilated artificially with room air delivered
by a Harvard respirator through an endotracheal tube. A
thoracotomy was performed in the fifth intercostal space,
the lungs were retracted and the heart was supported in a
pericardial cradle. Polyvinyl catheters were placed in the
left intemal jugular vein for fluid and drug administration,
in the left atrium for injection of radioactive microspheres
for determination of regional myocardial blood flow and in
the left carotid artery and femoral artery for blood pressure
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recording and withdrawal of the microsphere reference sam-
ple. A segment of the left circumflex coronary artery was
dissected free proximal to the first major obtuse marginal
branch and a hydraulic occluder was placed around it to
produce coronary occlusion. The left thoracotomy was par-
tially closed and the dog was turned over. A limited right
thoracotomy was performed to allow a window over the
right ventricle for placement of the two-dimensional echo-
cardiographic transducer. The animals remained left side
down for the duration of the study .
Experimental protocol. Eighteen dogs weighing 22 ±
8 kg underwent occlusion of the proximal circumflex artery
with a hydraulic occluder for 60 minutes. Heart rate and
arterial pressure were recorded before occlusion and at 60
minutes after occlusion. In seven dogs, tracer-labeled mi-
crospheres (cerium-141, chromium-51, strontium-85, nio-
bium-95 or scandium-46) (3M Co., 15 p. diameter) were
injected for determination of regional myocardial blood flow
(8) before and 60 minutes after occlusion. Which isotopes
were used was determined by availability at the time of the
study . The microspheres , suspended in 0.01% Tween-80,
were ultrasonicated and vortex-agitated before injection. One
to two million microspheres were injected into the left atrium
over an 8 to 10 second period. Starting 10 seconds before
and continuing for 90 seconds after microsphere injection ,
a reference arterial blood sample was withdrawn from the
carotid artery at a constant rate of 7 ml/min with a Harvard
withdrawal pump. In 13 dogs, technetium-99m radioactive
microspheres (3M Co., 20 p. diameter) were injected 60
minutes after coronary occlusion for subsequent autoradio-
graphic analysis (9). In five dogs , both radioactive micro-
spheres for regional myocardial blood flow and autoradio-
graphic analysis were injected.
Two-dimensional echocardiograms were obtained using
a Diasonics 3400R scanner and a 2.25 MHz transducer.
Images were recorded on a videocassette using a recorder
for later analysis. The two-dimensional echocardiography
transducer was placed through the limited right thoracotomy
directly on the right ventricle which served as a standoff to
allow full visualization of the circumferential extent of the
left ventricle in the short-axis projection. The left ventricle
was scanned from the aortic valve to the apex in the short-
axis projection, and the rnidposterior papillary muscle po-
sition was identified. The transducer was fixed in this po-
sition using a clamp for subsequent serial studies. Two-
dimensional echographic studies were obtained at the same
time as microsphere injections . In view of the possible ef-
fects of premature contractions on regional contractile func-
tion and flow, care was taken to measure left ventricular
functional variables and inject microspheres during periods
of sinus rhythm.
After completion of the experiment, the animals were
killed with potassium chloride injection and the heart was
excised. In seven animals, dual perfusion staining (10) was
performed to identify the anatomic region at risk. In these
dogs the excised hearts were rinsed with saline solution,
weighed and attached to a perfusion apparatus. The coronary
circulation was flushed by perfusing the aorta with I liter
of warm saline solution. The left circumflex coronary artery
was then cannulated at the point of occlusion and perfused
with warm buffered triphenyltetrazolium chloride (TIC) while
buffered 0.3% Evans blue dye was delivered, at an equal
pressure (100 mm Hg) , into the left anterior descending and
right coronary arteries through the aorta . Differential per-
fusion of the left circumflex coronary artery defined the
anatomic area at risk . The left ventricle was dissected free
of surrounding tissue, cooled in a freezer for 15 minutes
and sliced into 5 mm transverse cross sections.
Echocardiographic analysis. Using a minicomputer-
based video digitizing system, end-diastolic and end-systolic
frames were selected for analysis . The end-diastolic frame
selected was the one demonstrating the largest endocardial
area and generally corresponded to the onset of the Q wave
in lead II of the electrocardiogram. The end-systolic frame
selected was the one demonstrating the smallest endocardial
area and generally corresponded to the end of the T wave .
An observer carefully traced endocardial and epicardial bor-
ders directly from the video display using a digitizing tablet
for three consecutive beats. All two-dimensional echocar-
diographic measurements were made as the mean of three
consecutive beats. Area ejecton fraction was calculated as:
(left ventricular end-diastolic area - end-systolic areal/end-
diastolic area x 100%.
Percent wall thickening was calculated using a radial
contraction model and a fixed diastolic center of mass at
22S intervals over the full 3600 circumference (I I). For
correction of rotation and to serve as an internal landmark
for regional flow measures, the midpoint of the posterior
papillary muscle was fixed at 1350 • Wall thickening was
calculated as: (end-systolic wall thickness - end-diastolic
wall thicknessj/end-diastolic wall thickness x 100%. The
mean (± SO) percent wall thickening was calculated for
three normal beats, and 95% tolerance limits for normal
were established in each animal. A functional map of the
normal range for each animal was used for comparison with
occlusion values (Fig. I) . Systolic wall thickening during
occlusion was defined as abnormally reduced if it was less
than the lower tolerance established for thickening during
control conditions . Where the occlusion functional map in-
tercepted the lower control tolerance limit defined the cir-
cumferential extent of dysfunction (in degrees) in each an-
imal (Fig . I) . The degree of dysfunction was quantified also
as the area , determined by planimetry, between the occlu-
sion functional map and lower control tolerance limit. In
addition, three regions consisting of two segments each were
identified on the regional function map for statistical com-
parison of wall thickening and subendocardial blood flow
during control conditions and after coronary occlusion
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Figure 1. Circumferential regional func-
tion map of left ventricular wall thick-
ening at baseline andafterleftcircumflex
coronary artery occlusion. The 95% tol-
erance limits define the normal range for
each animal. The degree of dysfunction
(hatched area) is measured as the area
of abnormality, determined by planim-
etry, andexpressed insquare centimeters.
The extent of dysfunction is the circum-
ferential extent of abnormality between
the two vertical lines expressed in de-
grees.
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density on the final autoradiogram, whereas hypoperfused
tissue appeared as an area of lower or absent radioactivity.
The endocardial and epicardial margins of each slice were
traced on a clear acetate overlay. By superimposing the
tracing over the autoradiogram, the boundary of the hy-
poperfused area was identified and drawn on the tracing,
thereby enabling planimetry of the hypoperfused zone as a
fraction of total slice area (in vivo region at risk). The
midpapillary muscle slice was identified, and the endocar-
dial circumferential extent of hypoperfused myocardium at
the endocardium was measured in degrees using a pro-
tractor.
Regional blood flow maps. Two 5 mm slices of myo-
cardium corresponding to the midposterior papillary muscle
level were dissected into 16 22S full thickness sectors
corresponding to those of the two-dimensional echocardio-
graphic study. Each sample was then cut into three pieces
of approximately equal thickness from endocardium to epi-
cardium. The location of each piece of tissue was recorded
and the tissue samples were weighed and placed in counting
vials for assay of radioactivity in a Tracor (model 1185)
gamma scintillation counter. After correcting the counts in
each tissue sample for background and overlapping counts
with simultaneous equations, blood flow was calculated with
the equation (8): Qm = (Cm X Qn/Cr, where Qm =
myocardial blood flow (milliliters per minute), Cm = counts
per minute in tissue samples, Qr = withdrawal rate of the
reference arterial sample (milliliters per minute) and Cr =
counts per minute in the reference arterial sample. Flow per
gram of tissue was calculated by dividing flow by the weight
of the appropriate sample. Background and overlap correc-
tions and blood flow calculations were performed on an
Apple II+ microcomputer. Circumferential blood flow maps
were generated using a computer-assisted program. Hypo-
perfusion was arbitrarily defined as a 50% decrease in sub-
endocardial blood flow, and the circumferential extent of
hypoperfusion was measured in degrees (Fig. 3).
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Figure 2. Schematic representation of the superimposed circum-
ferential regional function map andcircumferential subendocardial
blood flow map. The specific zones used for quantitative analysis
of specific regions are indicated. HZ = border zone; CI = central
ischemic zone; NZ = normal zone.
I
BZ
(Fig. 2). The central ischemic region was defined as two
consecutive sectors contained within the ischemic area. The
border zone region was defined as one to two sectors im-
mediately adjacent to the ischemic area. The normal region
was defined as two consecutive sectors remote from the
ischemic area.
Left ventricular cavity shape was examined by measuring
the ratio: left ventricular internal diameter at OO/left ven-
tricular internal diameter at 90° in both the left ventricular
end-diastolic and left ventricular end-systolic images. This
left ventricular cavity shape ratio was measured for both
control and coronary occlusion conditions.
Autoradiographic analysis. For in vivo area at risk
determination, the 5 mm slices of the left ventricle were
exposed for 18 hours on an 8 X IO inch (20.8 X 25.4 em)
sheet of high speed X-ray film and developed in an X-Omat
(Kodak Medical Products) automatic processor. Normally
perfused tissue appeared as an area of high radiographic
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Data analysis. The circumferential function (measured
as wall thickening) and perfusion maps were superimposed
to compare the extent of dysfunction with the extent of flow
restriction (Fig. 4 and 5), In some animals, geometric dis-
tortion related to fixation produced spatial registration ir-
regularities at the lateral borders of the flow-function maps.
In these cases, the maps were superimposed by identifying
the centers of the hypoperfusion and hypofunctional zone
and generating the maps laterally from these centers. In all
animals, the functional border zone was defined as the ab-
solute difference (measured in degrees and millimeters) be-
tween the circumferential extent of hypofunction and the
circumferential extent of hypoperfusion.
Statistical analysis. All values are expressed as mean ±
SD. Comparisons of values were made with a two-tailed
Student's t test. The probabilities were considered to be
statistically significant when less than 0.05.
Figure 3. Circumferential subendocar-
dial blood flow map. The flow borders
were defined as a 50% decrease in blood
flow. The extent of hypoperfusion is in-
dicated.
Results
Hemodynamic and global left ventricular function after
coronary occlusion (Table 1). Heart rate was 141 ± 25
beats/min at baseline and did not change after occlusion
(137 ± 34 beats/min, p = 0.25). Similarly, arterial blood
pressure did not change after occlusion (100 ± 17 versus
107 ± 21 mm Hg, p = 0.75). The two-dimensional echo-
cardiographic left ventricular end-diastolic area measured
12.4 ± 3.0 ern? at baseline and increased to 15.4 ± 4.1
crrr' after coronary occlusion (p < 0.01). Similarly, the left
ventricular end-systolic area increased from 6.5 ± 2.3 to
11.1 ± 3.4 crrr' (p < 0.00(5) after occlusion. As a result,
the two-dimensional echocardiographic area ejection frac-
tion decreased from 49 ± 9% at baseline to 29 ± 7% (p
< 0.00(5) after occlusion. The two-dimensional echocar-
diographic left ventricular end-diastolic cavity shape ratio
was 1.04 ± 0.08 at baseline and did not change after oc-
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Figure 4. Superimposed circumferential
regional function map and circumferential
blood flow map from an animal study. In
this study, the extent of left ventricular
dysfunction measured 232°, whereas the
extent of hypoperfusion was 169°. Thus,
the functional border zone (FBZ) mea-
sured 63°. One lateral border measuring
52° is illustrated by the vertical lines.
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Figure 5. Circumferential regional flow-
function map. One lateral functional bor-
der zone(FBZ)is illustrated. In thisstudy,
thiszone was morediscreteand measured
18°.
Table 1. Hemodynamic and Global Left Ventricular Changes
After Coronary Occlusion in 18 Dogs
c1usion (1.03 ± 0.06, P = NS). Similarly, the left ven-
tricular end-systolic cavity shape ratio did not change from
baseline to occlusion (1.05 ± 0.08 for both, p = NS).
Regional left ventricular flow-function. Within sec-
onds after left circumflex coronary occlusion, a well defined
wall motion and wall thickening abnormality was visually
apparent on the two-dimensional echocardiograms in each
of the animals. The wall thickening values in the nonnal
zone, border zone and central ischemic zones are summa-
rized in Table 2 and Figure 6. There was a significant de-
crease in wall thickening in both border and central ischemic
zones after coronary occlusion. However, the decrease in
wall thickening was significantly worse in the central isch-
emic zone where actual dyskinesia was apparent. At 60
minutes of occlusion, the circumferential extent of thick-
ening abnormality measured 174 :±: 4° and the degree of
dysfunction measured from the function maps was 5.6 ±
2.5 ern".
The coronary blood flows in the normal, border and
central ischemic zones are summarized in Table 3 and Fig-
ure 7. At control, subendocardial blood flows were similar
in the three regions. After coronary occlusion, there was a
significant decrease in blood flow in the central ischemic
Control Occlusion
region compared with control values. The circumferential
extent of hypoperfusion was similar whether measured by
technetium-99m autoradiography (126 ± 22°), microsphere
blood flow maps (127 ± 29°) or dual perfusion staining
(123 :±: 16°) (all p = NS).
Functional border zone measures. Two experiments
are illustrated in Figures 4 and 5. In Figure 4, the wall
thickening abnormality measured 232° in circumferential
extent and the degree of dysfunction was 5.2 crrr' by pla-
nimetry. Superimposed subendocardial coronary blood flows,
in this figure, illustrate the abrupt flow border that occurs
within the region of functional impairment. The precise
borders of the flow and function abnormality are illustrated
for one lateral border and the functional border zone is
indicated. This lateral functional border zone measured 52°.
In another experimental study (Fig. 5), the extent of left
ventricular dysfunction was 164°, the degree of dysfunction
was 25 crrr' and the extent of hypoperfusion was 146°. This
study differs from that in Figure 4 in that the functional
border zone was very limited and only measured 18°. These
two individual studies illustrate the variability that was seen
in the spatial extent of the functional border zone that was
measured from these circumferential flow-function maps.
For the entire series of animals studied, the circumferential
extent of left ventricular dysfunction was significantly greater
than the hypoperfusion zone (174 ± 4 versus 125 ± 26°,
p < 0.0005) (Fig. 8). Thus, the functional border zone
*p <.0.01; tp < 0.0005. EF = ejection fraction; LY = left ventricular;
LYEO = left ventricular end-diastolic; LYES = left ventricular end-
systolic.
Percent Wall Thickening
Table 2. Wall Thickening Changes in 18 Dogs
*p < 0.0005 versus control value.
Occlusion
55.5 ± 14.7
19.7 ± 10.1*
-6.5 ± 9.5*
Control
50.7 ± 12.2
45.1 ± 9.2
43.5 ± 12.0
Normal zone
Border zone
Central ischemic zone
137 :': 34
107 :': 21
15.4 :': 4.1*
11.1 ± 3.4t
29 ± 7t
1.03 ± 0.06
1.05 ± 0.08
141 :': 25
100 :': 17
12.4 :': 3.0
6.5 :': 2.3
49 :': 9
1.04 :': 0.08
1.05 :': 0.08
Heart rate (beats/min)
Mean arterial pressure (mm Hg)
LYEO area (cm/)
LYES area (em')
LV area EF (%)
LYEO cavity shape ratio
LYES cavity shape ratio
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Figure 6. Regional wall thickening values in the normal, border
and central ischemic zones during control and occlusion condi-
tions.
Figure 7. Subendocardial blood flow values in the normal zone,
border zone and central ischemic zone during control and occlusion
conditions.
WALL SUBErtJOCARDIAL
THICKENING BLOOD FLOW
Figure 8. Circumferential extent of dysfunction compared with
extent of hypopcrfusion. The extent of left ventricular dysfunction
was significantly greater than the extent of hypoperfusion. The
functional border zone measured 49 ± 34°.
changes. They suggested that an asymmetric deformation
of the left ventricle may occur during acute regional isch-
emia but concluded that two-dimensional analysis of ven-
tricular geometry during acute ischemia was needed to fur-
ther investigate this issue.
The development of two-dimensional echocardiography
provided a method that allows evaluation of regional left
ventricular function in a complete cross section. As a result,
there have been several experimental studies (1-6) per-
formed to evaluate the extent of dysfunction produced by
acute myocardial ischemia and infarction. Meltzer et al. (I)
initially demonstrated that regional left ventricular contrac-
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Control Occlusion
Normal zone
Subendocardial 1.08 ± 0.45 1.16 ± 0.43
Midmyocardial 0.76 ± 0.18 0.94 ± 0.22
Epicardial 0.77 ± 0.24 0.82 ± 0.22
Border zone
Subendocardial 1.05 ± 0.45 0.74 ± 0.41
Midmyocardial 0.84 ± 0.32 0.55 ± 0.50
Epicardial 0.90 ± 0.33 0.75 ± 0.53
Central ischemic zone
Subendocardial 0.93 ± 0.26 0.14±0.llt
Midmyocardial 0.82 ± 0.22 0.18 ± 0.14t
Epicardial 0.75 ± 0.36 0.34 ± 0.21*
Table 3. Blood Flow Changes in Seven Dogs
Blood Flow (rnl/rnin per g)
*p < 0.01 versus control value; tp < 0.005 versus control value.
measured 49 ± 34°, corresponding to an approximate com-
bined lateral extent of 17 mm, or 8 to 9 mm on each lateral
border.
Discussion
Functional abnormalities in myocardial ischemia. Al-
though interest in left ventricular contraction abnormalities
resulting from myocardial ischemia dates back to the classic
experiments of Tennant and Wiggers (12) 50 years ago, it
was not until the development of two-dimensional imaging
techniques that mapping of regional abnormalities could be
performed during acute ischemia and infarction. Previous
studies (13-16) using a variety of techniques have dem-
onstrated a precise relation between myocardial perfusion
and regional function, but investigation of these relations
has relied on unidimensional techniques which are limited
to sampling in a few discrete locations. Guth et al. (16),
using ultrasonic crystals in a conscious pig model, dem-
onstrated that myocardium adjacent to ischemic zones may
have reduced thickening despite no apparent blood flow
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tion abnormality by two-dimensional echocardiography cor-
responded well to technetium-99 pyrophosphate-estimated
infarct size in the dog. In contrast, several other studies
(2-6) using pathologic staining techniques to measure in-
farct size suggested that the extent of functional abnormal-
ities detected with two-dimensional echocardiography con-
sistently overestimated infarct size. It is possible that this
apparent discrepancy can be explained by the fact that the
technetium-99 pyrophosphate used in the study of Meltzer
et al. (I) to estimate infarct size was taken up by ischemic
but viable myocardium at the lateral edges of the region at
risk (17) and thus systematically overestimated infarct size.
The more recent studies (2-6) support the hypothesis that
a zone of well perfused, but functionally abnormal, myo-
cardium exists lateral to the infarct zone. However, the
disparity between left ventricular dysfunction and infarct
size has been reported (4) as large as 100%, contributing
to the concept that the zone of nonischemic dysfunction is
relatively large, extending 2 em or more from the lateral
border of the hypoperfused region.
Spatial characteristics of the functional border zone.
Our data indicate that there exists a zone characterized by
normal perfusion but abnormal left ventricular function.
Unlike earlier studies (2-6), the functional border zone in
our experiment was relatively discrete, representing 14%
(49°) of the total left ventricular circumference and 21% of
nonischemic myocardium at the midpapillary muscle level.
Nonischemic dysfunction was evident but its lateral extent
was limited to the 8 to 9 mm of myocardium immediately
adjacent to either lateral ischemic area rather than the 2.0
em or more implied by previous studies (2-6). Furthermore,
the degree of dysfunction in this functional border zone was
modest as evidenced by systolic wall thickening of 20% in
contrast to dyskinesia within the central ischemic area. Our
two-dimensional echocardiographic data agree with prelim-
inary data from an independent series of experiments (18),
in which arrays of sonimicrometer crystals were used to
measure the functional border zone, and with the data from
Sakai et al. (19). We did observe variability in the size of
this functional border zone which may be related to hemo-
dynamic loading conditions, collateral blood supply and the
size of the jeopardized ischemic myocardium. Further stud-
ies are needed to evaluate the significance of these variables
on the lateral extent of this functional border zone.
Our resultsgenerallyconcur with two recent reports(20,21)
in which two-dimensional echocardiography was also used
to delineate regional dysfunction lateral to central ischemic
zone. However, there are some specific differences between
our results and those of these two reports. Lima et al. (20)
suggest that the lateral function zone of dysfunction is rel-
atively large, approximately 2.5 em on either lateral border.
This substantial disparity may be related to methodologic
differences which limited their ability to precisely define
the flow border. As a result, their findings relate specifically
to flow-function relations in adjacent zones but may tend to
overestimate the spatial extent of the functional border zone.
Our report, on the other hand, specifically defines criteria
for hypoperfusion and functional abnormality which were
measured directly from flow-function maps. We believe that
this approach results in more precise spatial measurements
of circumferential abnormalities relative to the position of
the flow border. Another difference relates to the marked
left ventricular shape distortion they noticed during trans-
mural ischemia. Although some shape change was noticed
qualitatively in our studies during acute ischemia, it was
not as marked and there was no change in our left ventricular
shape ratio. The reason for this discrepancy is not clear, but
it may relate to differences in processing and analysis of
our two-dimensional echocardiographic data.
With regard to the recent investigation of Homans et al.
(21), there are three important differences between our study
and theirs. They used endocardial wall motion studied by
two-dimensional echocardiography in the analysis of func-
tional abnormality. Because endocardial wall motion may
overestimate area at risk more than transmural thickening
(3,22), wall motion analysis may have produced an over-
estimation of regional dysfunction. Furthermore, they did
not exclude the papillary muscles from the endocardial bor-
der definition. In our experience, this results in further vari-
ability of regional data which may have affected the dis-
crimination of regional abnormality. Finally, they limited
their regional analysis to eight sectors at 45°, which limits
their spatial resolution. Despite these basic differences be-
tween these previous studies (20,21) and our work, our
results and conclusions generally agree with theirs and sup-
port the concept of a functional border zone.
Importance of hypoperfused myocardium at risk. The
fact that most previous investigators have disregarded the
assessment of hypoperfused myocardium at risk and have
focused only on infarct size may help explain the miscon-
ception that the functional border zone is larger than our
data may indicate. Another factor that has contributed to
this discrepancy is the duration of coronary occlusion. Be-
cause acute myocardial necrosis spreads in the manner of a
wave front from endocardium to epicardium (23), it is pos-
sible to have myocardial infarctions that differ markedly in
size as described by percent of left ventricle infarcted, but
are of similar size in terms of circumferential extent. Be-
cause functional abnormalities by two-dimensional echo-
cardiography have generally been measured in terms of cir-
cumferential extent, it follows that subendocardial infarcts
may be overestimated by two-dimensional echocardiog-
raphy regardless of considerations related to myocardium
at risk. Furthermore, because both subendocardial ischemia
and subendocardial infarction may produce segmental thin-
ning (3), it is possible that smaller subendocardial infarcts
will be overestimated by circumferential measures of left
ventricular dysfunction.
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The recent study by Pandian et al. (5) supports our ob-
servation that the functional border zone is relatively dis-
crete . They found that functional abnormalities on two-
dimensional echocardiography , although overestimating in-
farct size, underestimated hypoperfused myocardium at risk .
In their study, they used absolute wall thinning to define
two-dimensional echocardiographic functional abnormali-
ties, a very rigorous criterion. Consequently , they may have
underestimated the actual extent of left ventricular contrac-
tion abnormality that occurred during the coronary occlu-
sion . Nevertheless, their results emphasize the importance
of considering not only infarct size in assessing functional
abnormality, but more importantly, the actual region of
myocardium at risk.
Mechanism of the functional border zone. Several
mechanisms have been proposed to explain the mechanical
abnormality in the functional border zone. One hypothesis
is that thete is a mechanical tethering by infarcted myocar-
dium on adjacent normal myocardium (3,13,24). In support
of this are in vitro studies (25) which demonstrated that a
hypoxic muscle in series with a normal muscle causes asyn-
ergy of contraction and relaxation of both muscles. Another
hypothesis proposed by Bogen et al. (26) is that localized
increases of regional left ventricular stress of the lateral
borders of the myocardium produce myocardial abnormal-
ities despite normal perfusion. Their analysis of a theoretical
model provides support of a discrete functional border zone
in close agreement with our findings .
Methodologic considerations. There are certain meth-
odologic considerations in our study that deserve comment.
We used wall thickening to measure regional left ventricular
function because previous studies (3) have demonstrated that
this variable is more precise than wall motion in the as-
sessment of infarction. Our data (22) confirm this and sug-
gest that there may be discrepancies between the circum-
ferential extent of dysfunction by wall motion and wall
thickness measures. This most likely relates to the fact that
wall motion is more dependent on the arbitrary centroid
approaches that are used in the two-dimensional echocar-
diographic functional analysis. In addition, we defined dys-
function using each animal as its own control. Other studies
have used a variety of definitions for dysfunction by two-
dimensional echocardiography. In a recent report (5), a strict
criterion of wall thinning was used because there is marked
animal to animal variability. Because strict adherence to
dyskinesia may actually underestimate the extent of dys-
function , we employed a less strict criterion using each
animal as its own control and thus minimizing the problem
related to interanimal variability.
Although there are a number of methods that have been
used to assess hypoperfused myocardium at risk, it is gen-
erally agreed that in vivo methods are preferred to in vitro
techniques because of the possibility that collateral perfusion
influences the anatomic risk area (27). In our study, we used
microsphere techniques in 7 of 18 dogs to evaluate circum-
ferential subendocardial blood flow and the laterai extent of
the hypoperfused myocardium. Although our definition of
hypoperfused myocardium was arbitrary, we found no dif-
ference between the extent of hypoperfused myocardium by
circumferential blood flow or autoradiography in those an-
imals with both techniques, which supports our arbitrary
definition . Although the circumferential blood flow maps
were useful in defining the extent of hypoperfusion, precise
regional flow-function assessment was difficult in some an-
imals because of problems with spatial registration. Because
of the care taken to ensure cross-sectional spatial registra-
tion, it is most likely that the discrepancies usually seen at
the lateral flow-function margins were related to shrinkage
artifacts of the pathologic slices before dissection for blood
flow determination.
Conclusions. Our data support the existence of a func-
tional border zone but differ from previous studies which
have implied a much wider lateral region of dysfunction
adjacent to ischemic myocardium. By employing direct
mapping of flow and function using circumferential flow-
function profiles , we have demonstrated that the nonisch-
emie dysfunction extends , on the average, approximately
17 mm (49°), or 8 to 9 mm on either lateral border, into
normally perfused myocardium adjacent to an ischemic area.
Our data therefore indicate that, although functional ab-
normalities by two-dimensional echocardiography overes-
timate the size of a hypoperfused zone by a substantial
fraction (40%), the functional border zone is more discrete
than previously suspected. Clinical studies of two-dimen-
sional left ventricular functional abnormalities related to
ischemia and infarction should consider the contribution of
the functional border zone to left ventricular contraction
abnormalities.
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